The Aral Sea, a huge saline lake located in the arid south-central 
INTRODUCTION
The Aral Sea, a saline lake located in the arid south-central region of the former U.S.S.R. is vanishing ( Fig. 1) . Once the fourth largest lake in the world by area, the Aral Sea today is nearing half of its surface area in 1960, less than one-third its previous size by volume. If current patterns continue, the lake will diminish to several residual lifeless brine lakes next century.
The Aral is shrinking because the flows from its two feed rivers, the Amudar'ya and Syrdar'ya, have decreased from over 50 km3 per year thirty years ago to a mere trickle. The loss of river flow is the result of massive increases in river withdrawals, primarily for irrigation, along the river basins. The two rivers begin at the Pamir and Tianshan plateaus, plunge downward into the desert of the Central Asian republics and terminate at the Aral Sea. Since the 1960s an immense system of dams and reservoirs has been developed in the region. Today, the Aral basin is an astonishingly complex web of canals, impoundments, irrigation fields, and water engineering facilities. The waters in the two rivers are the lifeblood of the agricultural economies in five Central Asian republics of the former U.S.S.R.: Turkmen, Uzbek, Tadzhik, Kirgiz, and Kazakh, supporting 7.6 million hectares of irrigated crops. The current patterns of water use and the recession of the lake has generated multiple environmental and economic problems [l-5] . The scale of these problems is substantial, covering an area of 3.5 million km* and affecting some 35 million inhabitants in the five republics. There is an international consensus that the situation is not ecologically sustainable and comprehensive strategies for altering water development patterns are needed.
Beyond the deterioration of the lake and the loss of its fishing industry, there are other serious impacts. For example, the recession of the sea has created a huge area -about 30,000 km2 -of salt on the former lake bed, Toxic to humans and deleterious to crops, the salt is whipped up by winds and carried over wide areas. The ecology of the river deltas has been seriously degraded as the surrounding water table falls along with the sea, and river flow diminishes. In addition, regional climate may be changing as the modulating influence of the Aral diminishes with its size, with summers and winters apparently becoming more severe [2] . Shorter growing seasons, compounded by soil salinization and salt storm deposits, would expand water shortages by further increasing the requirements for water. Last, but not least, there is great concern that deteriorating water quality will lead to a deepening public health crisis.
Regional climate may be changing as the modulating influence of the Aral diminishes
A microcomputer model, the Water Evaluation and Planning System (WEAP), was developed for evaluating alternative water development policy options in complex systems such as the Aral Sea region [6] . Employing the scenario approach, the WEAP model provides a structured approach to integrated water demand-supply analysis.
This paper presents results of a "business-as-usual" simulation of the region's water supply for the 1987-2020 period, assuming that the current practices continue. Development and evaluation of alternative water policy scenarios will be reported in future papers. In this paper, we focus on illustrating the magnitude of the problem and the challenge for devising sustainable water strategies for the Aral region.
CURRENT WATER DEMAND AND SUPPLY
Comprising lowland deserts and mountains, the Aral region has a climate characterized by high evapotranspiration and severely arid conditions. Annual precipitation is less than 100 mm in the southwest deserts and about 200 mm approaching the foothills of the southeastern mountains. However, the region has favorable thermal conditions for the growth of cotton and other heat-loving crops: the average noontime temperature during growing seasons (May-September) reaches 20-4X and the average daily temperature in July is 35°C [7] . Although thin and infertile, soil in the region is easily tilled and productive for certain crops with the application of supplementary water. These favorable conditions have provided the natural base for intensive irrigated agricultural development, particularly the large scale production of cotton in the Aral region.
The Amudar'ya and Syrdar'ya basins have some 30 primary tributaries (Figs. 2 and 3 ). More than 20 One of the most complicated human water development systems in the world large and middle sized reservoirs and 60 canals of different sizes have been constructed in the two basins since the 1950s [8-l0]. The Karakum canal, constructed in 1950s as a centerpiece of Soviet plans to expand cotton production, diverts water from Amudar'ya with a maximum flow of 320 m3 per second over 840 kilometers to the vast Karakum desert. In addition, approximately ten per cent of supplies are from groundwater sources. The region's water system is one of the most complicated human water development systems in the world. In designing the-schematic representation of the two basins, we have aimed for as much detail as possible in characterizing both demand and supply sources, subject to the availability of field data. Referring to Figs. 2 and 3 , the representations consist of the following main elements:
l Distribution Systems A distribution system represents water users in a common geographic area with shared water sources. In the current representation, distribution systems are identified with "irrigation systems" that are used for allocating water in the Aral ,region. There are 23 distribution systems identified for Amudar'ya, and 6 for Syrdar'ya. Irrigation systems at the lower Amudar'ya area are further separated into twelve districts (indicated by the naming convention "administrative district/irrigation system," e.g., Horezm/ Tash-Saka). Water demand in each distribution system is subdivided by major sectors: irrigation (further partitioned by crop type and irrigation technique), industry (by type), municipal (by urban and rural), fishery, and livestock. Each is simulated according to its operating rule. For instance, WEAP's reservoir operating rule takes into account a reservoir's inflow, storage capacity, surface evaporation, withdrawal at the reservoir, hydroelectric generation, and downstream release requirements. In-stream flow requirements for maintaining, for example, environmental quality also may be specified.
*Main River and Tributaries
l Local Supply Sources These include run-of-river pumping stations, groundwater aquifers, rainwater collection, and reservoirs on rivers that are hydrologically independent of the main river system. In WEAP, withdrawal demands are met by local sources with residual requirements assigned to any river linkages.
9 Links between Distribution Systems and Supply Sources Transmission links between demand sites and supply sources are identified in the system representation. Each distribution system may be supplied by a maximum of twelve sources with links to ten "local" sources, one tributary node and one main river node. Capacity constraints and conduit losses are taken into account. 
Water Demand
Water accounts have been estimated for the year 1987, the most recent year for which comprehensive data is available. Water demands for that year are summarized in Table 1 , broken down by each sector for each distribution system. The total water demand for the Aral region is 97.32 km3. Of this total, 53.55 km3 is demanded from the Amudar'ya basin, and 43.77 km3 from the Syrdar'ya basin. Water demands are dominated by the agriculture sector, accounting for 82 per cent of the total demand. The region's irrigated areas by type of crop are summarized in Table 2 [ 11]. The total irrigated area of the region in 1987 was 7.6 million hectares, with 4.3 million hectares located in the Amudar'ya basin, and 3.3 million hectares in the Syrdar'ya basin. Water demand shares by crop types in the two basins are presented in Fig. 4 . Cotton is the major crop, accounting for 51 per cent of the agricultural water demand in Amudar'ya, and 34 per cent in Syrdar'ya. The Soviet Union has been the second largest cotton producer in the world, producing over 90 per cent of its fiber in the Aral region. Clearly, strategies for Table 3 . These figures are comparable to U.S. rates. In Arizona, where the climatic conditions are similar to the Aral region, the on-farm annual water application rates are of the same order of magnitude: 14,000 m3 for cotton, 9,000 m3 for corn, and 12,000 m3 for potatoes [ 13] . Water demands for industry (Table 1) are far less than for agriculture, approximately 6 per cent in Amudar'ya and 12 per cent in Syrdar'ya. Depending on economic development strategies in the future, Water demands for industry . . . are far less than for agriculture industrial demands may become more significant with time. Industrial demands are built up at the distribution system level from estimates of production output and water use rates. Industrial water demands are currently dominated by the electric power sector.
Municipal water demands comprise about 6 per cent of total demand in the Aral region, as estimated from population and water use data at the administrative district level and allocated to distribution systems. The final two water demand sectors are Livestock and Fishery. As reported in Table 1 , known water demands for livestock are quite small, while fisheries account for some 3 per cent of overall water demands.
These water demands discussed above are for final use. They represent the water required by the final user for crop growth, industrial processes, domestic consumption, and so on. To convert these final demands to the actual water supply requirements, WEAP allows for three adjustments to water demands. The first adjustment takes into account the distribution losses in each distribution system. For an irrigation system, a considerable amount of water delivered to the field will not be used by the crop root zone due to field evaporation and deep percolation. The second adjustment accounts for water recycling or reuse. This refers to processes by which water may be used in more than one application before discharge. For example, irrigation water may be routed for reuse in more than one field. The effect of recycling is to reduce the water required from primary water sources. The third adjustment is for water transmission loss. This refers to the evaporative and infiltration losses of water in the canals and conduits carrying the water to a distribution system. Unfortunately, at this stage, our data are insufficient to distinguish the distribution losses from transmission losses, and these two factors are combined in the current estimates. The total withdrawal requirements in the two basins in 1987 were estimated as 127 km3 (70 km3 for Amudar'ya and 57 km3 for Syrdar'ya), or 130 per cent of the estimated final demand.
7 Water Supply
Major surface and groundwater sources are identified in Figs. 2 and 3 . In WEAP, surface water is tracked from the flows entering the system through various river nodes. Stream virgin flow data of 1987, which was a wet year for the Aral region, is collected in Table 4 [ 14] . The total surface water resources in the region comprised 132 km3, of which 84 km3 were from the Amudar'ya basin, and 48 km3 from the Syrdar'ya basin. The 1987 virgin flow figures of Amudar'ya and Syrdar'ya are equivalent to four times and 2.3 times, respectively, the average virgin flow of the Colorado River. On average, the annual surface Pyandz  8700  24900  7200  11600  Vahsh  8700  24900  7200  11600  Kafimigan  9900  26800  8200  13200  Surh-Sherabad  8200  27900  7000  10500  Kashkadraya-Karshi  9100  30800  8300  11700  Bukhara-Zerafshan  10100  32400  9100  12800  Cardzou  10100  32400  9100  12800  Karakum  10600  33400  9200  13500  Horezm  8300  29200  7900  10500  Tashaus  8300  29200  7900  10500  KKAR  7500  28000  7600  9600   5600  4900  6200  5800  7000   7400  7500  6200  6200  5800   11400  7330  8530  11400  7330  8530  12900  8230  9630  10300  7610  8510  11300  8070  9070  12500  8960  9960  12500  8960  9960  13300  9590  10790  10300  7330  8230  10300  7330  8230  9500  6540 water resources of the Aral region account for some 120 km3 [15] . As seen in Table 5 , the region's groundwater withdrawal in 1987 accounted for 12.3 km3, 4 km3 in the Amudar'ya basin and 8.3 km3 in the Syrdar'ya basin. Evaluating the role of ground water in the region's water budget is complex and, due to limited data, detailed physical interactions between surface water and groundwater are not included at the current stage. Groundwater patterns need more clarification in future analysis.
Water losses on river sections from evaporation and infiltration and returned water from demand sites are taken into account in WEAP. Reservoir water storage and release are simulated by user-defined operating rules. Characteristics of the main reservoirs in the region are summarized in Table 6 [ [16] [17] [18] .
PROJECI'IONS
An important concept of WEAP is the distinction between a "business-as-usual" scenario and alternative policy scenarios. The "business-as-usual" scenario incorporates currently identifiable trends in economic and demographic development, water supply availability, water use efficiency, water pricing policy, and other aspects. No new water conservation measures or supply projects are included in the "business-asusual" scenario. The "business-as-usual" analysis provides a reference against which the effects of alternative policy scenarios may be assessed.
Water Demand Projection Hydrological Fluctuations
In the past three decades there have been tremendous efforts in water demand projections [19] [20] [21] [22] . In Table 5 . 1987 Groundwater Sources of the Aral Region (Unit: million m3).
Syrdar'ya Basin
Hydrological fluctuation patterns are important in estimating future water availability. WEAP is designed to incorporate historic fluctuations to represent future patterns. However, time series data for many elements of the Aral basin are not available. River flows have been altered with the extensive irrigation development and many hydrological records cannot serve as proxies for historic hydrological patterns. Therefore, while WEAP is designed to utilize historic time series data for the general cases, a second, simpler option has also been built into the model for the Aral Sea case. general, water demand forecasting approaches fall into four broad categories, each with advantages and limitations: time extrapolation, single coefficient methods, multiple coefficient methods, and probabilistic analysis. WEAP provides a flexible and detailed structure for water demand forecasting. It is designed to allow the inclusion of a full array of possible demand-side measures. A multiple-level structure is used in WEAP to manage demand data: Sector, Subsector, End-use, Device, and Use-rate. For example, under the agriculture sector, irrigation areas for each crop are defined at the Subsector level; fractions of irrigation area in each subregion are measured at the End-use level; irrigation techniques used in each subregion are identified at the Device level; and water use rates are defined at the bottom level. At each level, activities can be driven by user-specified development targets.
The full complexity of the WEAP demand forecasting structure is being used to develop a range of policy scenarios for the Aral region. However, the rapidly changing political and economic situation in these Central Asian republics -and limited sources of credible data -hamper our exercises. In this paper our task is more straightforward: to introduce the current water accounts and a "business-as-usual" reference projection based on the continuation of current patterns. For the latter purpose, we rely primarily on population growth as demand driving variable. These results provide a benchmark for the more complex policy-oriented demand scenarios.
In the simpler method, five categorizes of watertype years, Very Wet, Wet, Normal, Dry, and Very Dry, are used to represent hydrological patterns. These five water-type years correspond to different hydroMany hydrological records cannot serve as proxies for historic hydrological patterns logical occurrence probabilities in conventional frequency analyses. The frequency analysis of an annual inflow record at a representative river point provides a sequence of water-type years. This sequence may then be adjusted to explore alternative assumptions on future hydrological patterns. From the monthly inflow record at the selected river point, average monthly inflows for each water-type year are calculated and the ratios of monthly fluctuations for the four nonnormal years to the normal year are then computed. For every supply source, the base year (the first year in the planning period) monthly inflows are input as data, while values for the future year monthly inflowsare set by the water-type sequence by applying appropriate monthly fluctuation coefficients to the base year inflows. In this study, monthly inflow data of 1950-1982 at the Tupolang (on Amudar'ya River) and the Narin (on Syrdar'ya River) gauging stations were used in estimating the two basins' water-type sequences during the 19882020 period. Through frequency analyses, the five water-types, Very wet, Wet, Normal, Dry, and Very Dry defined in this study, correspond, respectively, to occurrence probabilities of 0-1 O%, 1 O-30%, 30-75%, 75-95%, and 95-100%. Because many smaller tributaries don't have time series data, we can only assume that the two defined sequences are reasonable approximations for the entire Amudar'ya and Syrdar'ya basins. Though this method assumes hydrological homogeneity across each of the two basins, it reduces the requirements for historical data while permitting explorations of future water patterns that 
Simulation Results
Like other streamflow simulation models, the principle of mass balance guides the water flows through the system in WEAP [23] [24] [25] [26] . At each river node, the incoming water is balanced by the outgoing water plus the retained water at the node. Outgoing water is the water diverted, either for demands or other purposes, plus the flow conveyed downstream. Between nodes, evaporation from the stream surface, interaction with groundwater aquifer, and return flows from distribution systems affect the water balance. Each system element, such as a reservoir, has a defined governing rule in passing, releasing, and allocating water. Unlike these models, however, WEAP addresses both the supply and demand issues in an integrated fashion. Demands drive the water allocations among supply sources and demand sites. Detailed demand management strategies as well as the full range of supply development options are incorporated in the model. WEAP provides optional water allocation schemes, one based on priorities and another based on equitable allocation, and flexible reports in various tabular and graphic forms [6] . Table 7 presents the annual average water demand coverage -the ratio of supply available to demandat each demand site in selected future years. When the coverage value is one, the demand is fully supplied; otherwise, only the indicated portion of the demand is met. Coverage is less than or equal to one, since supplies are driven by demands in the model and redundant water is not sent from supply sources to distribution systems. In the Amudar'ya basin, upstream distribution systems would be mostly satisfied in the selected years, while downstream areas after Kashkadar'ya canal (Fig.  2) such as Bukhara-Zerafshan and Cardzou would face water shortages. In the assumed Very Dry year of 1995, only 3 1 per cent of Cardzou's demand and 52 per cent of Bukhara-Zerafshan's demand could be met. For the Lower Amudar'ya, users could only expect to get 11 per cent of required water in the Very Dry year and about 61 per cent of supply in the Normal years. For the Syrdar'ya basin, the situation would be more serious than for the Amudar'ya basin. During the Very Dry and Dry years, water supply shortages would occur in almost every distribution system. The Lower Syrdar'ya users, even in the Wet year of 1987, could not fully satisfy their water requirements. They could only satisfy 44 per cent supplies during the Normal years and no more than 30 per cent supplies during the Dry and Very Dry years. The shortages for downstream users may be alleviated to a small degree if upstream users are forced to reduce their withdrawals, but this would only spread the unmet demand problem with the overall water shortage situation remaining. While water allocation in the region has been a source of contention since 1980s these projections suggest that the problems, if current patterns are allowed to persist, will only deepen. Withdrawal treaties between the upstream and downstream users along the two river basins, similar to the Colorado River Compact, are urgently needed in the near future.
The simulated annual stream flows entering the Aral Sea from the two rivers are displayed in Table  8 . The Aral Sea inflow is projected to average 3.32 km3 from 1990 to 2000,2.99 km3 from 2000 to 2010, and 2.54 km3 from 2010 to 2020, a continuing downward trend. When looking at monthly stream flows in drier years, as in Fig. 5 , the seriousness of the situation is underscored. There would be two extremely low-flow periods, January-March and JuneSeptember, during which no stream flow would enter the Aral Sea. In a drier year, there would be almost 6 consecutive dry months. As can be seen from the figure, most of the annual stream flow would reach the Aral Sea in spring, with little during the summer seasons. These undesirable patterns suggest that better system operation is needed for the region's water storage and regulating facilities.
By applying these projected stream flows to the Aral Sea, we have calculated the water budgets of the Sea and simulated the future changes of water level and surface area of the Aral (Fig. 6) . The Aral Sea's surface area would decrease from its 1987 level of 40.78 km2 to 9.41 km2 in 2015, while its water level would drop from 40 meters to 26.8 meters. It is clear that without any action to reduce the demands or to increase the supplies in the future, the sea would continue to shrink at roughly the same rate as it did in the 1980s devolving into one or several residual brine lakes.
DIRECTIONS FOR POLICY SCENARIOS
One of the primary objectives of our study is to examine alternative future development scenarios for the Aral region. Using the "business-as-usual" projections as a point of departure, the next step in the project involves the creation of a number of policy scenarios, or alternative water futures incorporating a wide range of possible measures that alter "business- ferring Caspian Sea water and transferring Siberian river water. Each of these proposals has met with great concern about environmental impacts. Moreover, critics of the most advanced of these proposals, the north-south Siberian water transfer, have raised questions about the cost-effectiveness of such a largescale project, the politics of inter-republic resource transfers and the impacts on local cultures. The project is currently suspended. We anticipate many alternative scenarios, each evaluated on economic and environmental criteria. The scenarios will begin with the business-as-usual scenario reported here that quantifies the degree of water shortages over time, the increasing pressure on the lake, and the scale of required remedial efforts and go on to an Aral Sea stabilization scenario (just stabilizing the sea requires significant improvements in today's water-use efficiency and local supplies); and an Aral Sea restoration scenario requiring radical changes in the future water and economic strategy for the area in order to return inflow above equilibrium levels. In each case, the feasibility and costs will be assessed.
These exercises provide a laboratory for experimenting with alternative futures for the Aral Sea region. It is hoped that such glimpses of the future will help steer current policies in a sustainable direction. 
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